Direct measurements of the stiffness (elastic bending resistance) of demembranated sea urchin sperm flagella were made in the presence of MgATP 2-and vanadate. Under these conditions, the flagellum is in a relaxed state, with a stiffness of -0 .9 x 10-2 ' N m l, which is -5% of the stiffness obtained in the rigor state in the absence of MgATP2-. MgADP -'does not substitute for MgATP 2 " in producing the relaxed state . A progressive inhibition of movement is observed after addition of MgATP 2-to flagella preincubated with vanadate, in which new bend generation, propagation, and relaxation by straightening are distinguished, depending on the ratio of MgATP 2-and vanadate. At appropriate concentrations of vanadate, increase of the velocity of bend propagation is observed at a very low concentration of MgATP 2-that is not enough to induce spontaneous beating . Vanadate enhances competitive inhibition of beat frequency by MgADP -but not by ADP3-, ATP -, or Pi. These observations, and the uncompetitive inhibition of beat frequency by vanadate, indicate that vanadate can only bind to dyneinnucleotide complexes induced by MgATP 2-and MgADP -. The state accessible by MgATP2-binding must be a state in which the cross-bridges are detached and the flagellum is relaxed . The state accessible by MgADP -binding must be a crossbridged state . Bound vanadate prevents the transition between these two states . Inhibition and relaxation by vanadate in the presence of MgATP2-results from the specific affinity of vanadate for a state in which nucleotide is bound, rather than a specific affinity for the detached state .
cal observations, such as the formation of rigor bends (13) of flagella in the absence of ATP, and the change in stiffness of flagella, depending on ATP (29, 35, 38) . Meanwhile, recent electron micrography has provided visible evidences of the cross-bridged and unbridged forms of dynein arms (12, 17, 54, 55, 57) . However, we have not enough evidence yet to provide the exact correspondence between the steps of ATP dephosphorylation and the conformational changes of dynein arms .
Recently, vanadate has been found to be a potent inhibitor of dynein ATPase (l4, 19, 27) , as well as of the movement of the reactivated demembranated flagella (19) . In the present paper, the effect of vanadate on flagellar stiffness was investigated, and correlated with observations on rigor bend relaxation and beat frequency of demembranated sea urchin sperm flagella .
MATERIALS AND METHODS
Spermatozoa were obtained from the sea urchins, Lytechinus pictus and Strongylocentrotus purpuratus, as described in earlier papers (8, 36) . S. purpuratus spermatozoa were used only for pHstat measurements and a few observations on motility . Spermatozoa demembranated with Triton X-100 were used for all of the experiments .
Sea urchin semen was diluted with 2-50 vol of 0.5 M cold NaCl, depending on the experiments, and stocked on ice. Demembranation of spermatozoa was made according to the method developed by Gibbons and Gibbons (11) with some modifications. A volume of sperm suspension was mixed with 20 vol of the extraction solution and kept for 30 s at room temperature (18°C) followed by mixing with working solution . The extraction solution for most of the experiments, except pH-stat experiments, contained 0.15 M KCI, I mM dithiothreitol (DTT), 2 mM Tris buffer, 0.1 mM CaCh, and 0.04% (vol/vol) Triton X-100, pH 8.2 . This is the same extraction solution referred to as LES in a previous paper (36) .
Stiffness Measurements
Extraction solution containing 2 pM vanadate was used to obtain a higher percentage of initially straight flagella. Preliminary experiments showed that this amount of vanadate in the extraction solution had little effect on subsequent stiffness or motility . We transferred <I pl of the extracted sperm suspension to I ml of working solution containing RBASE (20 mM Tris buffer, 2 mM DTT, 2% [wt/vol) polyethylene glycol [PEG) . and KCI at 0.2 M or a lesser amount as required to maintain constant ionic strength when other components were added) and other constituents required for particular experiments. Ca z' concentration was buffered to be 10 -" M or less, and pH was adjusted to 8.2 .
The working solution containing spermatozoa was poured into a chamber on the microscope stage. The stiffness measurement was carried out according to the method described previously (38) . One spermatozoon floating in the medium was caught by the head with a flat microneedle coated with polylysine (34) and inserted through one of the side openings of the chamber. Position and inclination of the flagellum was adjusted to give a clear image (Fig . 1) . Then, the distal region of the flagellum was supported with a hook-shaped microneedle that was fairly rigid and was applied perpendicular to the flagellum. The length of the flagellum between the head of the flagellum and the supporting microneedle was usually -30 /Am.
A very flexible microneedle for measurements, also hook shaped, was applied perpendicular to the middle region of the flagellum. The measurements were repeated at least three times in each direction, as shown in Fig. 1 , and averaged . The measurement microneedles were calibrated against stiffer microneedles (56) , and had stiffnesses of 0 .3-1 .0 x IO -" N per I ,am displacement of the tip, with calibrating error of ±30% .
Observations of Rigor Bend Relaxation
A small portion of the demembranated sperm suspension, usually 50-100,ul, was added to 2-4 vol of reactivation solution containing 10 pM MgATPz-, in which the beat frequency of flagella was -l Hz. Then, 0.5-1 pl of the reactivated sperm suspension wasabruptly diluted with I ml of the working solution to obtain rigor bends of flagella . In the experiments in which the working solution contained a high concentration of Mgt' (I mM or more), the reactivation solution used contained RBASE, 1 .8 mM EGTA, 1.8 mM MgCh, 0.5 mM CaCl2, and 0.011 mM ATP, at pH 8.2. In the experiments in which Mg"-free working solution was used, low Mg t' reactivation solution was used, to lessen the contamination of the working solution by Mgz' from the reactivation solution. This low Mg t' reactivation solution contained RBASE, 1 .8 mM EGTA, 0.04 mM MgCI_, 0.5 mM CaCh, and 0.11 mM ATP, at pH 8.2 . Although Mg t ' concentration was as low as 0.01 mM in this reactivation solution, the wave form of the reactivated flagella was quite similar to that obtained in the condition described above, except fora slightly lower bend angle, as reported previously (36) . Spermatozoa were observed for a period of at least 20 min after addition to the working solution, to determine whether relaxation occurred . The motility of spermatozoa was also checked by adding MgATP--before and after the incubation .
When the effect of ADP was examined, the working solution containing ADP and 100 pM diadenosinepentaphosphate was preincubated with 20Ipg/ml hexokinase and 10 mM glucose for 5 h at room temperature . Hexokinase was used to remove ATP contamination (23) and diadenosinepentaphosphate to inhibit adenylate kinase (28) .
Two other techniques were used to observe MgATPz--induced bend relaxation in the presence of vanadate : An ATP-free working solution containing RBASE, 1 .8 mM MgCl.,, 1 .8 mM EGTA, 0.5 mM CaClz, and vanadate was used to obtain rigor wave flagella (vanadate-rigor solution). A drop of this suspension of spermatozoa in rigor was placed on a slide and covered with a cover glass. While the spermatozoa were observed, a drop of the working solution containing 1 mM MgATPz-and vanadate was added at the edge of the cover glass, so that MgATP'-was supplied by diffusion to the spermatozoa being observed near the center of the preparation . In the second technique, the rigor sperm suspension was poured into the chamber used for stiffness measurements, and MgATPz-was applied by a micropipette brought close to the spermatozoon being observed.
Beat Frequency Measurements
We added 2 td of extracted sperm suspension to I ml of reactivation solution . A drop of the reactivated sperm suspension was placed in a well slide, covered with a coverslip, and examined by dark-field microscopy with stroboscopic illumination, as de- 
Experimental Conditions and Chemicals
All of the observations were carried out by using dark-field microscopy illuminated by stroboscopic light (Chadwick-Helmuth Co., Inc ., Monrovia, Calif.) and recorded on Tri-X films with either a Robot camera or a kymograph camera (Grass Instrument Co., Quincy, Mass .) . Microneedles and micropipettes were positioned with micromanipulators (Ernst Leitz Wetzlar, Wetzlar, W . Germany, and Narishige Scientific Instrument Laboratory, Tokyo, Japan) . All of the experiments were made at room temperature (l8' ± l°C) and, for beat frequency measurements, the stage of the microscope was kept at 18' t 0 . 5 The concentrations of Mg' ., MgATP--, etc., were calculated using the following association constants : Mg-' association constants with EGTA, EDTA, ATP, ADP, and P, at pH 8 . 
RESULTS
Vanadate concentrations of up to 0.5 AM caused reductions in the beat frequency of L. pictus sperm flagella, with little or no change in other wave parameters or in the duration of reactivated motility. However, even with 0.5 AM vanadate, a few nonmotile spermatozoa were noticed in the sample, and the standard deviations of the beat frequency measurements were larger than these observed without vanadate (Figs, 6 and 7) . At vanadate concentrations between 0.5 and 2 AM, there was a gradual deterioration of reactivated motility during the period of observation . Beat frequency, wave amplitude, and symmetry all decreased gradually, and then the movement became erratic and stopped abruptly . Almost all of the spermatozoa stopped beating within 15 min at 1.0 AM vanadate. No flagella with normal beating were observed at vanadate concentrations of 2.51íM or greater, although with 2.5 AM vanadate some spermatozoa continued to show oscillatory bending limited to the proximal region of the flagellum for periods of up to 5 min. Spermatozoa from S. purpuratus required slightly higher vanadate concentrations to obtain the same effect observed with L. pictus spermatozoa. The effects of vanadate on L. pictus spermatozoa are qualitatively similar to those reported for Tripneustes spermatozoa (19) , but L. pictus spermatozoa appear to be slightly more sensitive to vanadate .
Direct Measurements of Flagellar Stiffness
Calibrated glass microneedles were used as shown in Fig. 1 to make direct measurements of the stiffness (38) of L. pictus sperm flagella at various concentrations of MgATPz-and vanadate . At least 2.5 AM vanadate was used, to ensure that the sperm flagella were completely immotile during the measurements. Flagella immobilized by vanadate were sometimes bent slightly, often near the basal end as shown in Fig, 3 (26 s) . This bend plane was observed to coincide with the plane of normal bending waves, when inhibition by vanadate was observed in experiments where vanadate reached the flagellum by diffusion from the edge of the preparation . In the stiffness measurements, the force for measurement was applied to the midregion of the flagellum, parallel to the bending plane when it was recognized . A typical experiment is shown in Fig. 1 , where the spermatozoon was in a solution containing 1 mM MgATPz-and 10 AM vanadate . The basal joint of the flagellum to the head seemed flexible, because the flagellar axis near the basal region deviated sharply from the head axis, depending on the direction of the applied force. Usually, the stiffness values obtained for the two opposite directions agreed with each other within experimental error.
The effect of MgATPz-concentration on stiffness in the presence of 10 AM vanadate is shown in Fig. 2 a. In the absence of ATP, at l MM Mgz+ , the mean stiffness was 15 .1 x 10 -z ' N mz. In the absence of vanadate, the mean stiffness in the absence of ATP was 15 .6 x 10 -z ' N mz; these values are not significantly different. With only 1 AM MgATPz-, the stiffness was greatly reduced, but the time required for reaching the equilibrium position of the microneedles was much longer than at higher MgATPz-concentrations. At higher MgATPz-concentrations, the stiffness falls to a value of -0 .9 x 10" N mz and there is no detectable change in stiffness between 0.1 and 5 mM MgATPz-. Some of these measurements are summarized in Table I , along with stiffness measurements in the absence of Mg z+, using working solutions containing 10 mM EDTA . In these measurements, the stiffness was 13 .7 x 10 -z1 N mz in the absence of ATP (sol I) and 17 .3 x 10-z ' N in' in the presence of 10 mM ATP" -(sol 6) . In contrast to earlier results, when Mgz+ was not completely excluded from the working solutions (35) , flagella remained in the rigor state in the presence of high concentrations of ATP4-.
Rigor Bend Relaxation
Relaxation of rigor bends was examined in several kinds of working solution, and the results are included in Table I stiff when the working solutions described above contained vanadate, because the rigor bends were maintained for >20 min, as shown by conditions 2, 4, and 7 in Table I . Relaxation of rigor bends, and low stiffness values, are only observed in the presence of MgATP2-. Some earlier reports (13, 29, 35) suggested that the relaxed state could be obtained with ADP; however, in my experiments, no relaxation was obtained with ADP if the adenylate kinase activity was inhibited and ATP contamination was excluded by diadenosinepenta-716 THE JOURNAL OF CELL BIOLOGY " VOLUME 85, 1980 phosphate and by hexokinase, respectively . The possibility that diadenosinepentaphosphate could inhibit the relaxation was examined by using the working solutions containing RBASE, 2.8 mM MgC1 2, 1.8 mM EGTA, 0.5 mM CaC1 2, 100 AM diadenosinepentaphosphate, and either 3 jM ATP or 2 mM unpurified ADP (which may contain several percent of ATP; purchased from Boehringer Mannheim Biochemicals). In both cases, the rigor bends relaxed within 2-3 min. An inhibitory effect of hexokinase in the present study was also eliminated, because adding an appropriate amount of MgATP2-to the working solution containing hexokinase after a 20-min incubation induced relaxation or activation of rigor flagella . P; or both P; and ADP did not maintain the relaxed state of flagella, because the rigor bends were preserved during the incubation . Flagella were also stiff under the condition combined vanadate and ADP or P; or both ADP and P; as summarized in Table I .
Rigor bend relaxation, terminating with the flagellum in a quiescent, approximately straight state, could be observed with MgATP2-concentrations of 1-5 ttM, which were too low to induce spontaneous beating as reported by Gibbons and Gibbons (13) , whereas >5 or 6 [M MgATP caused spontaneous beating, under the conditions of these experiments. In the present experiments, relaxation occurred slowly enough that the behavior of individual sperm flagella could be followed . The preexisting bends typically propagated slowly to the distal end of the flagellum, maintaining nearly the original curvature and bend angle. After these bends had propagated past the distal end, the flagellum retained its approximately straight, relaxed shape. Bends that initially had angles less than -.,1 rad usually relaxed by simple straightening of the flagellum, without observable propagation .
Vanadate did not inhibit relaxation (14, 41) , and actually accelerated bend propagation during relaxation under some conditions . In the presence of 10 pM vanadate, 1 [LM MgATP2-caused relaxation by bend propagation to occur at about the same velocity observed in the presence of 3 pM MgATP2-without vanadate . However, at high (100 pM or more) vanadate concentrations, the propagation velocity was reduced and the amplitude of the bends decreased as they propagated .
The addition of vanadate to inhibit spontaneous beating made it feasible to observe relaxation initiated by supplying higher concentrations of Solution (sol) no . MgATPz-from the edge of a preparation or by micropipette, and to obtain photographs showing the relaxation of individual flagella . Fig. 3 illustrates the results obtained after preincubation of a rigor flagellum for 5 min in the presence of 5 pM vanadate at the room temperature, with relaxation initiated by MgATPz-diffusing from the edge of the preparation. In this example, the rigor bends present at time 0 propagated to the distal end, leaving most of the flagellum straight . This was followed by slow development of a new bend at the basal end, which resembled the initiation of bending in quiescent flagella observed by Goldstein (22) and by Gibbons (18) . This new bend then propagated rapidly along the flagellum, but the bend in the opposite direction, which began to form at the basal end as the preceding bend propagated, remained at the base and did not lengthen or propagate. (In interpreting the relative rates of these events, it must be remembered that the MgATPz-concentration was not constant, and
The rigor bend relaxation was examined after 20 min of incubation with working solutions. Each working solution basically contains RBASE, 1 .8 mM EGTA, and 0.5 mM CaC1 2 at pH 8.2 . (+) Relaxation was observed; (-) relaxation was not observed . * The working solution contained 10 mM EDTA. $ It took -20 min to reach a reasonably straight shape. At condition 9, relaxation was completed within a few minutes. §The solution was preincubated with 10 mM glucose, 20 wg/ml hexokinase, 1001íM diadenosinepentaphosphate for 5 h at room temperature .
was probably steadily increasing, during the time period of these observations .) At slightly lower vanadate concentrations, or in experiments with micropipette application of MgATPz-, development and propagation of several new bends before the flagellum became quiescent was typically observed.
Results of similar experiments in the presence of 10 AM vanadate are shown in Fig. 4 . At this concentration, relaxation usually involved only the propagation of fully established bends, as shown in Figs. 4 a and b ; growth and propagation of incompletely formed rigor bends, as shown in Fig.  4c , was infrequent . In the presence of 100 pM vanadate, relaxation occurred by a simple straightening of the bends, without propagation, as shown in Fig. 5 . However, with more rapid application of MgATPz-by micropipette, bends were sometimes observed to propagate even in the presence of 100 ,uM vanadate, although usually their amplitude decreased before they reached the MAKOTO 
Propagation of Mechanically Induced Bends
Bends were induced in the flagella of spermatozoa attached by their heads to the tip of a polylysine-coated microneedle, by tapping the microneedle holder . In solutions containing 1-5 AM MgATP2-, this procedure easily induced bends near the basal region of the flagellum, and these passively formed bends then propagated to the distal end, as described above for propagation of rigor bends; similar results have been reported previously (49) . Similar experiments were attempted in solutions containing 10 AM vanadate, at MgATP2-concentrations over the range of 1-10 mM . Under these conditions, it appeared to be very difficult to induce bends in the flagellum by this method, and bends that were induced always relaxed by straightening rather than by propagation .
Beat Frequency Measurements and the competitive inhibition by ATP' -, ADP3-, MgADP-, and P; were examined in a previous paper (36) . I have now examined the effect of 0.5 pM vanadate on inhibition by each of these inhibitors . Results obtained with ADP are shown in Fig. 7 . Fig. 7 a shows results obtained with a Mgt+ concentration of 0.1 mM, where MgADP-is calculated to be only 9% of the total ADP concentration, so that the inhibitory effect of added ADP is predominantly attributable to ADP3-. In this case, the nearly parallel lines obtained in the presence and absence of vanadate indicate that there is no enhancement of vanadate inhibition by ADP3-. Fig. 7 b shows results obtained with an Mga+ concentration of 2.0 mM ; MgADP-is calculated to be 67% of the total ADP concentration, so that the inhibitory effect of added ADP is predominantly attributable to MgADP-. In this case, in addition to the intrinsic inhibitory effects of higher concentration of Mg" and MgADP-, the lines obtained in the presence and absence of vanadate are not parallel, indicating that the inhibition by vanadate is enhanced by MgADP-(and vice versa) . A K of 2.1 p,M for the MgADP--dependent inhibition by vanadate can be calculated from these results in combination with the earlier results (36) .
Similar experiments with inhibition by Mgt+, ATP" -, and P; all gave nearly parallel lines in the presence and absence of vanadate, indicating that there is no enhancement of vanadate inhibition by these inhibitors .
ATP Dephosphorylation Measurements
Results of pH-stat measurements of ATP dephosphorylation rates by suspensions of demembranated spermatozoa of S. purpuratus are shown in Fig. 8. 5 [LM Vanadate is sufficient to inhibit almost completely the ATP dephosphorylation of broken, nonmotile sperm preparations as well as the movement-coupled ATP dephosphorylation represented by the difference between the rates for unbroken and broken sperm preparations .
DISCUSSION

Rigor and Relaxed States of Flagella
The existence of distinct rigor and relaxed states of flagella was originally indicated by the observations of Gibbons and Gibbons (13) zoa by Lindemann et al . (29) . Direct stiffness measurements on echinoderm sperm flagella (38) indicated that the relaxed state could be obtained with live spermatozoa immobilized by CO :, and that the rigor state could be obtained with demembranated spermatozoa in the absence of ATP. In that work, a low stiffness value was measured for demembranated spermatozoa at high ATP concentrations and very low Mg'+ concentrations, suggesting that free ATP (ATP'-), which binds to flagella as a competitive inhibitor of beat frequency (36), might be able to maintain the relaxed state. Subsequently, it was shown that stable rigor wave flagella could be obtained by abrupt removal of Mg" in the presence of ATP (14) . My stiffness measurements, using more thorough removal of sured for vanadate inhibition of Na,K-ATPase, but was not detected with dynein ATPase (19) . However, those measurements would not have been sensitive enough to detect changes occurring within a few seconds after addition of MgATP' -and vanadate, which is the time scale relevant to the observations on bend propagation . It is implicit in this interpretation that vanadate cannot form an inhibitory complex with dynein in the absence of MgATP2-. When inhibition occurs by formation of an inhibitory complex with vanadate, the flagellum frequently stops with a partial bend formed at the basal end of the flagellum (cf. Fig. 3 ) . This bend was presumably formed by active sliding between tubules in the more distal region of the flagellum, and the direction of this active sliding would be the same as required within the preceding bend for propagation of that bend. The flagellum stops just before active sliding in the opposite direction would begin in the newly formed bend near the base of the flagellum to complete its growth and initiate its propagation . The mechanism for reversing the direction of sliding in new bends near the base of a flagellum is probably intimately involved in spontaneous oscillation and the determination of beat frequency, but remains poorly understood .
When bend propagation is resumed after rigor, it always occurs in the normal base-to-tip direction, even in cases such as in Fig. 4a , where the bend is near the midregion of the flagellum. The direction of the propagation must be "remembered" by some control mechanism that ensures that the correct subset of dynein arms becomes force-producing cross-bridges when MgADP`-is added. It is not known whether this information is stored in the form of the distribution of rigor crossbridges or simply the bent configuration of the flagellum, or in some other manner . As mentioned previously, the mechanically generated bends also propagate from base-to-tip in the amputated starfish sperm flagella (37) . However, it is not known yet whether they are caused by the same mechanism in flagella .
A Kinetic Model
Flagellar beat frequency may be equal, or at least proportional, to the frequency of cyclic dephosphorylation of ATP by dynein (3, 8, 10, 24 Fig. 7 .
The slope of line 1 in Fig. 7 a and b gives a value of 0.4 mM for k31/k13, and the ratio of lines 1 and 2 in Fig. 7 b gives a value of 2.1 pM for ks:I/k35 . Measurements of the elastic bending resistance of flagella and observations of relaxation of rigor bends allow an expanded interpretation of the model shown in Fig. 9 . Existence of a rigor state in the absence of MgATP2-indicates that state 1 is a "cross-bridged" or "attached" state in which dynein arms form stable attachments on the opposite B tubule. The observations that rigor bend flagella can be made by sudden removal of Mgt + (14) and that flagella retain a high bending resistance in the presence of high concentrations of ATP4-if Mgt+ is excluded indicate that ATP4-binding, leading to state 6, does not cause relaxation . Formation of state 6 by binding of ADP''-or P; has also been shown to lead to maintenance of the rigor state.
State 3 is an attached state, as is state 5, because MgADP" or MgADP-and vanadate together do not cause relaxation.
Addition of 1-5 /,M MgATP2-causes relaxation of rigor bends (13) and dissociation of dynein from B tubules (53) and 0.1 mM ATP inhibits recombination of dynein to microtubules (46) , indicating that state 2 is a "detached state" . Because vanadate does not inhibit but in fact can enhance relaxation by MgATP2-, state 4 must exist and also must be a detached state. These facts also indicate that the reaction path from state 4 to state 5 must be negligible . The ability of vanadate to accelerate relaxation by low MgATP2-concentrations indicates that binding of vanadate to produce state 4 accelerates the transition from state I to state 2, thus reducing the number of attached crossbridges that resist bend propagation . The transition from state 1 to state 2 that accompanies MgATP2-binding must result in the preferential detachment of cross-bridged arms that have completed their working stroke and are in a position to resist sliding. The remaining cross-bridged arms are in force-producing positions. This type of position-dependent cross-bridge detachment is a useful feature of models for cross-bridge action in muscle and flagella, beginning with the model of A. F. Huxley (26) . The observation of bend propagation during relaxation, under conditions where the complete ATP dephosphorylation cycle becomes inhibited, provides some evidence that this feature is a real part of the MgATP2--concentration-dependent step in flagellar oscillation.
The simple kinetic scheme in Fig. 9 is not adequate to explain one important feature of flagellar oscillation: although the MgATP2-concentration required for half-maximal beat frequency is -0 .2 mM (6, 11, 36) , much lower MgATP2-concentrations are adequate for relaxation, for dissociation of solubilized dynein arms from Btubule binding sites of the outer doublet microtubules (53) and for half-maximal ATPase activity of uncoupled dynein (2, 8, 20, 32) . This discrepancy probably indicates that the control of beat frequency by ATP concentration is not brought about simply by determining the concentration of the enzyme-MgATP2-complex (state 2) . Examples of mechanochemical models for flagellar oscillation in which the ATP concentration for halfmaximal beat frequency is much greater than the equilibrium concentration for the ATP-concentration-dependent reaction step have been described by Brokaw and Rintala (9). There may be other possible ways to compensate the discrepancy . For example, a four-state model in which state 2 in Fig. 9 is divided into two substates can reproduce this behavior if the rate constant from state 2 to state 3, k23 , is much smaller than the others .
Recent studies have shown the existence of inhibitory vanadate-enzyme-ADP complexes in myosin (23) and alkaline phosphatase (30) , in which vanadate is suggested to occupy a position analogous to phosphate. It would be reasonable to suggest that in flagella the inhibitory complex accessible by MgATP2-binding (state 4 in Fig. 9 ) is also a vanadate-enzyme-MgADP-complex that, in contrast to state 5, remains in a detached form . If state 2 in Fig. 9 is an enzyme-MgADP -complex, an additional state in which MgATP2-is bound must be inserted between state 1 and state 2 of Fig.  9 . However, my present data do not provide any evidence to decide whether the bound nucleotide in the inhibitory complex accessible by MgATP2-binding is ATP or ADP or to decide whether the enzyme-MgATP2-complex, introduced between state I and state 2, would be an attached or detached state.
